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RESEARCH MEMORANDUM

PRESSURE DROP IN COOLANT PASSAGES OF TWO AIR-COOLED
TURBINE-BLADE CONF IGURATIONS

By W. Byron Brown snd Henry O. Slone

SUMMARY

Pressure and tempersture changes in the cooling eir flowing through
air-cooled ges-turbine blades have been megsured experimentally in a
static cascade on a 10-tube blade for both iscthermsl and noniscthermal
flows, and on a 13-fin blade for isothermal flows. Values of pressure.
and temperature were obtained for a range of cooling-gir flows corre-
sponding to Reynolds numbers fram 5,000 to 40,000; a Mach number range
from 0.05 to 1.00; and for heat-transfer rates produced by ratios of
hot-gas to blade-entrance cooling-sgir temperature from 3,08 to 0.57.

Frictlion coefficlents were computed for all of the temperature ratios
and the values were compared with values of friction coefficient calcula-
ted from von Kdrmsn's equation for turbulent flow in smooth round pipes.
When there was no heat transfer, the computed coefficients for the
10-tube blade sgreed with those values calculated from the von Karman equa-
tion. PFriction coefficients obtained. for the 13-fin blade were gpproxili-
mately 11 percent below the von Karmén values ; but they were in agreement
with friction coefficients obtained for small rectangular ducts of large
aspect ratio. When heat trensfer occurred, the friction coefficient
decreased with increasing hest-transfer rates, in agreement with other
NACA experiments. ,The friction coefficients were spproximately 24 percent
below the von Karmen velues when the ratio of hot-gas to cooling-air
tempersture was 3.08.

In order to calculate an over-agll pressure drop through an air-cooled
blade and reduce the labor required in the numerical integration of the
differential equation of momentum, simplified one-dimensional flow equa-
tions were developed for blades in static cascades snd extended to blades
in a rotating turbirne. Over a range of blade spans fram 2 to 6 inches,
heat-transfer rates from 68 to 272 Btu per hour per square foot per °F 5
and retioe of hot-gas to cooling-sir temperature from 1.00 to 3.08, the
errors in the computed blede-entrance pressures resuliing from using
these short-cut methods were within spproximately 5 percent of the measg-
ured values. It was found that the value of friction coefficient that
is reguired in the simplified. and the exact flow equations may be deter-

mined from von Kérman's eguation for isothe:mﬁNEY_ASS:’FfE‘}wes if
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the error Iin the computed pressures may be ag much as 6 percents If
greater accuracy is desired, von Kérman's value of friction coefficient
may be corrected for the effect of heat transfer. A procedure for the
calculation of an over-sll pressure drop through an air-cooled blade is
suggested, and a numerical exsmple is presented wherein a blade-entrance
static pressure is computed using the simplified flow equation for an
air-cooled blade in a static cascade.

It was found that entrance losses to glr~cooled turbine blades msy
be gquite large, comparsble with those inside the blade; they should be
megsured in any study of design performance. .

INTRODUCTION

Alxr cooling of aircreft gas turbines is being investigated at the
NACA Iewis laboratory to find low-alloy steele that may be substituted
for the critically scerce high-temperature materlals currently being used,
and to find a means of Increasing gas temperatures in order to provide
substantial increases in specific power output.. In many sircraft engine
applications, the cooling air required for the engine would be bled from
the engine compressor. In order to minimize the compressor work required
for the cooling alr and to keep the cooling-alr temperature as low as
posslble, it 1s desirable to bleed the compressor at a point st which the
pressure level 1s no higher than the required coolant-supply pressure.
The factors which affect the regquired coolant-supply pressure and there-
fore the compressor bleed point are: (1) duct losses from the compressor
to the turbine, (2) pressure ratio of the sir as 1t passes through the
turbine disk, (3) entrance losses at the entrance to the turbine blades,
and (4) pressure losses through the turbine blades. The largest pressure
losses are expected to occur through the blades and in the blade entrance
sections; therefore, a knowledge of the methods for analytically evalua-
ting these two logses would greetly reduce the experimentatlion reguired
in determining blade losses and provide a design basis for cooling

systems capable of efficlent operation at the minimum cooclant-supply . .

pressure levels.

Some of the formules required for calculating the pressure change
between the root and the tip of ailr-cooled turbine blades as well ss
suggested experiments for securing the needed correletion data asre given
in reference 1. These formulas are based on the anslyses of references 2
and 3, and the principal parameter involved 1n the formulas 1s the
friction coefficient—in the blade passage. Friction coefflcients have
not been previously measured in blade coolant passages or similar passage
configurations. However, friction coefficlients for lsothermal fully
developed turbulent flow in straight pipes have been studled extensively
and are.briefly summaerized in reference 4, With the use of the equations
for velocity distribution with fully developed turbulent flow, von Kérmén

(reference 5) predicts a relationship between friction coefficlent and —

Reynolds number for smooth pipes which f£its the experimentgl data.
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Few data are avallsgble on friction coefficients for nonisothermal flow,
although methods are suggested in references 4, 6, and 7, whereby the
friction coefficient obtained for isothermal flow can be used for noniso-
thermal flow if the Reynolds number used in the correlation 1s based on
special temperstures. Some dsta for rectangular air passages under
nonisothermgl conditions are presented in reference 8.

A pressure-drop lnvestigation was undertgkenrn on two zir-cooled
turbine-blade configurations in order to (1) determine experimental
friction coefficients for both isothermal and nonlsocthermal flows and
thus check the velidity of using pipe friction coefficients in calcu-
lgting air-cooled-blsde pressure drops, (2) use the data to develop a
simplified flow equation for calculating over-all pressure drops through
gir-cooled blades and thus eliminate the tedious step-by-step numerical
integration of the flow equastion reported in reference 3, (3) use the
data to examine the msgnitude of entrance losses which might be expected
in the entrance sections of air-cooled blades, and (4) recommend a
procedure that may be used for the calculstion of ailr-cooled-blsde pres-
sure drops.

Thig investigation was conducted in g static cascade because a
grester smount of Iinstrumentastion could be used. Pressure drops were
measured experimentally for two air-cooled-blsde configurations for
isothermal and norisothermal flows. A 10-tube blade was chosen for one
of the blade configurastions because such a blade appears to be promising
and practical for asir~-cooled turbine rotors (references 9, 10, and 11).
A 13-fin blade was chosen as the other blade configuration primarily
because it has an internal cooling passage which is quite different from
that of the 10-tube blade,

The results of this investigation are presented for a range of
cooling-air flowe giving Reynolds numbers from S000 to 40,000; a Mach
number range from 0.05 to 1.00; and for hest-transfer rates produced by
ratios of hot gas to blade-entrance cooling-air temperature from 3.08
to 0.57 for the 10-tube blade; and for a ratio of hot gas to blede-
entrance cooling-gir tempersture of 1.00 for the 13-fin blade.

ANATYSTS
General One-Dimensionsgl Flow Equations

The genersasl equations which give the pressure distribution in one-
dimensional gas flow through a channel are stgted and derived in refer-
ence 2. These general equations are adapted to the case of rotating
blade coolaent passages in reference 3, where the pressure distribution
(in the notation of this report) is given by the equation



4 O NACA RM ES2DO1

P Ae:t: M&x P

-1 2
- T

= (1
P B ¥ T\ LI !

(A1l symbols used in this report are defined in gppendix A). Thus, the
pressure at any point can be calculated from the values of blade flow
area, Mach mumber, and total cooling-air temperature at that pointi—

The variation of Msch number of the alr—through the turbine blade
coolant pessage has been developed in reference 3. This variation, in
the notation of the present report, is:

2
af T am aep RO » b\ Taaa
g YT Y TR

&I TTa |5 TgR Tin  ° Tin
(2)
The terms Iq, Ip, Iz, and I, are influence coefficients equal to
H(1 + nf) (1 + 5= W)
1 -

‘rMA(l + :L;é Mz)

If = 1 Mz (4)
1+ -té—l W

Ig = 7 (5)

2 (1 + 5% )
Iy = - 1 - (6)

Because I, Ip, Iy, and I, eare functions of M only, the Mach number

distribution can be found from equation (2) when the temperatures, fric-
tion coefficient, rotation, and blade geometry are known. Then, sub-
stitution of the Mach numbers in egquation ( 1) will give the static-
pressure distribution through the blade.

/5T



grse

NACA RM E52DOL ] 5

Determination of Experimental Blade-Psssage
Friction Coefficients

In order to check experimentally the validity of using pipe friction
coefficients to compute pressure drops through air-cooled blades, the
method discussed in reference 1 in conjunction with equation (2) can be
used to determine g blade-passage friction coefficilent. This operation
consists of assuming a value of friction coefficient, solving eguation (2)
nmumericelly for a blade entrance Mach number with an experimental value
of blade exit Mach number, and then adJusting the value of the friction
coefficient until the value obtained for the entrance Mach number agrees
with the experimental value of enbtrance Mach number.

No heat transfer. - For the case of a stationsry constant-coolant-
passage-area bldde wlith no heat transfer, the temperature, rotational,
and area terms of equation (2) drop out and the resulting equation can
be integrated directly to (see sppendix B)

G e
1 1 ey T O0BMy T
—z=—"5+ 12 In — — = + (7)
Min® My Min™ 1 + 0.2Mgy o

The value of ¢ 1is assumed to be 1.4 for the ailr passing through the
blede. Thus, for the case of no heast transfer, a blade-passage friction

coefficient can be determined from equation (7).

Hegt transfer. -~ For the stationesry constant-coolant-psssage-area
blade, with neat transfer, only the rotational and ares terms of equa-
tion (2) drop out so that equation (2) may be written

af  Ipap  IAfD (8)
T TTa& T T

Even when reduced as in this case, equation (8) cannot be integrated in
an exact closed form. It can, however, be Integrated by the numerical
methods reported in reference 3 and the blade-passage friction coeffi-
clent can be determined as explained in reference 1. For simplification,
a linear variation of the total cooling-air tempersture through the blade
passage is assumed because it was shown in references 2 and 3 that the
spanwise cooling-air tempergture distribution curve is nearly linear.
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Development of Simplified One-Dimensional Flow Eguation
for Calculstion of Over-all Pressure Drop

The solution of equation (2) or (8), which is used in conjunction
with equation (1) to obtain a pressure drop, involves a numerical inte-
gration which is quite tedious and time-consuming. Becsuse In maeny cases
only the over=-all pressure change through the blede coolant passage is
desired, a shorter method of obtaining the pressure change has been
developed which dispenses with the step-by-step numerical integration of
reference 3.

gimplified equation for static cascade. - When values of Iy and
I, are substituted in equation (8), an integration can be carried out
(see asppendix B for the derivation) resulting in

1 1 Mex 1+0. ZMin , Agor
g = __" 4+ l.2 1In
Min Mex M:Ln 1+ 0. ZM Dh
T (T - T',)
yln T'e:x . ex in < 1 > (9)
in P M2T* /m
The parameter ¢ which is used to evaluate the integral 5——-— between

the blade entrance and the blede exit 18 = ratioc of the arithmetic and
and is defined as (see sppendix B)

%K:a-%r) @),
e

The distribution of M , needed.to evaluste the term under the Ilntegrsl
sign, can be cbtained from a mumerical integratlon of equation (8). By
this procedure, @ will be calculated for desirsble ranges of M and
T', and charts are presented in this report from which values of ® may
be obtained for use in equation (9). These charts may be used for blade
configurations and conditions similar to those of this investigation.

true value of
Tl

(10)

Simplified equation for rotating turbine. - For the case of a
rotating turbine, wherein the blade flow area is essumed to be constant,
the values of Ig, Ip, and Iy are substituted in equation (2) and an

integration is cerried out (see appendix B for the derivation) resulting

in
<

2512
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1 1 Mze:x 1+ °'2M21n Afby T oy
—2—-=Mz—-+l.2].1:1Mz > + Dy, + 7ln —= +
M in ex in 1l + 0.2M ex T in
.o 20?7, b
ex in(l) ) in 1+T'1M2> 1/.1 L a2y
pr MZT' m gR 2 m pr MZT' m Tin

(11)

The subscript « indicates that o 1is evalusted for a rotaeting turbine.
It will be pointed out in a later section, however, that the effect of
rotation on ¢ 1is negligible and that the charts of @ <for static
cascades can be used without introducing any eppreciable error.

The parsmeter ¥ 1s defined as (see appendix B)

L
dy

o Memr

(12)

This parameter is evaluated in a manner similsr to @ and charts are
presented in this report from which values of ¥ msy be obtained for
use in equation (11). These charts may be used for blade configurations
similer to those of this investigation.

Determinstion of Experimentsl Entrance loss Coefficient

Aside from the pressure loss in the turbine blade, losses occur at
other places In the air passage: at the entrance section to an air-
cooled turbine blade; at contractions, enlargements, or obstructlons;
and at bends. The change in velocity or velocity distribution entails
losses which In some cases comprise a relatively large part of the total
loss and cause a considerable part of the resistance to flow. In this
investigation, the entrance section to the air-cooled test blade is
essentially a sudden contraction (see £ig. 1). According to reference 4
(p. 122), the friction caused by a sudden contraction of the cross-
sectionsl area of a pipe, or that at a sharp-edged entrance to g pipe,
meay be calculated from the formula

F=— (13)
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whére F 1s the friction due to sudden contraction, foot-pound per
pound of fluld; Vi, 1s the average linear velocity downstresm, feet
per second; and X d1s the entrance loss coefficlent which 1s a function
of the ratio of the smaller cross-sectional area to the larger.

In order to calculate a valne of K for the entrance section of
the alr-cooled test blades used in this investigation, equation (13) was
rearranged as follows:

2
£p' = gF = El—wgé‘l— (24)
where
Vin ﬁg (15)
and
p = %‘; (18)

Woen equations (15) and (16) sre substituted in equation (14) (where
Ap' = P'l-p'in.)and the result is divided by pi,,

"o pt wZT
Py Pin=K< )R (17)

Pin A Pin 2g

When equation (17) and experimentsl date are used, a curve can be plotted
on logarithmic coordinetes from which X can be determined.

APPARATUS AND INSTRUMENTATION
Equations (7), (8), and (17), presented in the ARAIYSIS section,
mey be used to calculate the experimental blade-passage friction coeffi-
clents and an experimental entrance loss coefficlent once the sppropriate

total and static pressures, the total cooling-air temperstures, the welght

flow of the air passing through the blade, and the blade geometry are
known. This investigation of friction coefficients and entrance losses
for air-cooled blades was conducted 1n a statlc cascade wherein a greater
gnount of instrumentstion could be installed than In an actual rotating
turbine,

PARE
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Test Facility

A sectional view of the blade test section used in this investigation
is shown in figure 1. Combustlon alr passed successively through a flst-
plate orifice, a combustor, a plenum chamber, the test section, and into
the exhaust system. For the heat-transfer Investigations, & gasoline
combustor, which was capable of giving gas temperatures from 300° to
1000° F, was used. The inlet duct to the test section was equipped with
a bellmouth to insure a uniform velocity profile at the entrance to the
cascade. The setup was insulated sgainst heat loss, from just downstream
of the combustor to Jjust downstream of the test section.

A cascade of seven blades was placed in the test section as shown
in figure 2. The test blade, installed as the center blade, was the
only blade through which alr was passed. The other six blades had the
same profile as the test blade. The alr that was supplied to the test
blade was obtained from the laboratory refrigerated air system; 1t could
be heated by means of an electric heater in the supply line. The alr
passed successlively through a plenum chamber, the entrance-blade exten-~
sion, the test blade, the exit-blade extension, the plenum chamber, a
flat-plate orifice, and then into the laboratory exhaust system (see
fig. 1). Because it was impossible to connect the plenum chambers
directly to the blade, entrance and exit blade extensions were used to
conduct the air from the entrance plenum chamber to the test blade and
from the test blade to the exit plenum chsmber. The entrance-blade
extension has a span of 6 inches and the exlt-blade extension has a span
of 3 inches. Both extensions have an Internal free flow area of
0.043 square inch, -a hydraulic diasmeter of 0.396 inch, and slots cut into
their surfaces in order to reduce the amount of hesgt comnducted from the
hot test blade.

Blade Description

The air-cooled turbine blade configurations used in this investi-
gation are a 10-tube blade and a 13-fin blade. Photographs showing the
end views of the two blades sre presented in figure 3. The geometric
factors pertinent to the two blade confilguretions are gilven 1n the

following table:

10-tube blsde | 13-fin blade
Blade chord, in. 2.00 2.00
Outside perimeter, in. 4.35 4.53
Span, in. 3.92 3.50
Total free-flow area of 0.181 0.0862
internal cooling-air passage, sq in.
Hydraulic dismeter of .103 .0870
internal cooling-air passage, in.

-!—-_._,_ -
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10-tube blade. - The 10-tube blade used in this investigation was
the same as the 10-tube blades used 1n the lnvestigetion reported in
reference 9. The outside wall of the blade tapered linearly from the
root to the tip for reductlon of stresses during engine operation. The
taper was not required for the cascade investigation, but it did not
affect the results obtained. The nomlngl thickness of the wall at the
tip was 0.040 inch and at the base, 0.070 inch. The blade shell was
cast of high-temperature alloy X-40. The hollow blades were so cast
that the core area was constant over the length of the blade. In order
to increase the internal hest-transfer surface, 10 tubes were inserted
in the hollow blade. They extended through the blade fraom tip to base.
These tubes were brazed to each other and to the inside surface of the
hollow blade by 'Nicrobraze. Of the ten tubes, four were 0,125-inch
outside-diameter stainless steel with a wall thickness of 0,010 inch;
end six were 0.156-1nch cutside-diameter low-carbon steel with a wall
thickness of 0.0155 inch. The view of the blade tip (fig. 3) illustrates
the tube arrangement. The blade span, 3.92 Inches, was the same as that
of the blades investigated in reference 3.

13-fin blade. = The 13-£in blade used in this investigstion was
originally designed for heat-transfer investigations in a static casceade.
The blade was machined in two parts, and upon assembly the parts were
welded together at the leading and tralling edges; therefore, the 13
cooling fins gre not continuous (see fig. 3). The fins have an average
thickness of 0.036 inch, and the average fin spacing is 0.046 inch. The
blade was machined from.high—temperature glloy S-816.

The 13-fin blade configurstion had a span of 3.50 inches, which was
shorter than the span of the 10-tube blade. The span was shorter because
the blade was originally designed for a cascade of blades of this length.
The difference in blade lengths does not affect the results of this
investigation. o .

Instrumentation

In order to calculate friction coefficients for a blade coolant
pessege, it is necessary that the pressures and the temperatures of-the
alr in the blade passage be known for a range of air flows. The instru-
mentation used in this investigation is shown in figure 1. Pressure
taps and thermocouples were placed in the inlet and exit plenum chembers.
Four static-pressure probes hsving an outside diasmeter of- 0.030 inch were
inserted into four representative passages of the test blade (see fig. 1).
Two probes were used to measure-the static pressure at the blade entrance,
and two probes to meassure the static pressure at the blade exit. The
blade temperature distribution was measured by 11 thermocouples in the
blade wall around the blade perimeter &t the midspan.

AR A

{
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In order to correct the cooling-air total temperatures measured 1in
the plenum chembers for any heat picked up in the entrance- and exit-
blade extenslons so that the total cooling-air temperatures at the blade
entrance and exit could be obtained, thermocouples were placed in the
walls of the blade extensions. The entrance-blade extension had 12
spanwise thermocouples located at the mlidchord position and the exit-
blade extension had 7 spanwise thermocouples also located gt the midchord
position, It was assumed that these thermocouples would give a repre-
sentative integrated aversge of the weall temperstures of the two exten-
sions.

The total tempersture of the cambustion gss was measured with three
thermocouples located in the plenum chamber upstream of the test section.
The air welght flow was measured by means of a flat-plate orifice down-
stream of the test section.

EXPERIMENTAT. PROCEIXURE

The operating conditions used in this investigation are listed in
chronological order in table I. Note that no-heat-transfer investigations
were conducted between hegt-transfer investigations in order to provide
a check on the experimental setup.

In order to calculste friction coefficients from equation (7) and
(8), the cooling-air static pressures snd totel temperatures are required
at the blade inlet and exit for a range of cooling-air welght flows.
Pressure drops were obtained through the 10-tube and 13-fin blades for a
range of air weight flows with no heat transfer, T'g/T'in = 1.00; and

through the 10-tube blade with heat tramsfer, T' /T';; >1.00; and
reverse heat transfer, T'g/T'in < 1.00. For the heat-transfer investi-

gations, the gas-to-blade heat-transfer coefficient was held at spproxl-
mately 136 Btu per hour per squasre foot per ©F and the heat-transfer
rate was varied by changing the temperature of the hot gas.

Static pressures were measured in the blades under investigation by
inserting four static-pressure probes in four representgtive blade-
coolant passages (fig. 1). In this way, two static-pressure readings,
which were nearly identical, were obtained at the blade entrance and two
readings at the blade exit. The two pressure reedings at the blade
entrance were averaged and the resulting value was assumed to be repre-
sentative of the static pressure which would be obtalned gt the blade
entrance if measurements were made in each blade coolant passage. This
same procedure was gpplied at the blade exit.
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Cooling-air total temperatures were measured 1n the entrance and

exit plemum chembers. For the no-heat-transfer studies, these messured v
temperatures were assumed tc be the same as those cooling-ailr temperstures

which would exist at the blade entrance snd exit. In the heat-transfer

studies, however, the cooling air picked up heat as 1t passed through ]
the entrance~ and exit-blade extensions. Therefore, the temperatures b
that were measured in the plenum chambers were so adjusted that the EZ
resulting calculated temperatures were those occurr:Lng at the blade .
entrance and exit. -

For the case of T'g/T'in = 1.00, the combustion-gas flow wes sup-

plied from the lsgborstory air system at spproximastely 100° ¥F. The
cooling air was heated so that the gas and cooling-air temperstures were
approximstely the same. A gasoline combustor was used when

™ /T'in >1.00 so that the gas temperature could be varied from 300°

to 1000° F. As before, cooling air was obtained from the refrigerated
air system but in this casse the cooling-air temperature was allowed to

remain at the tempersture at which it was supplied. After the cooling-~
air welight flow was set by asdjustments in the blade pressure drop, o
frequent checks were made on the blade temperatures in order to ascertaln R
when steady state conditions were reached. When the blade temperstures
remained steady for approximately 15 minutes, the necessary readings

were taken. For T'o/T';; <1.00, the air paseing through the coolant

passage was heated to temperatures of 300° and 500° F and the combustion-
ges flow remained atthe temperature st which it was supplied, 100° F.

CAICUIATION PROCEDURE

Once the blade entrance and exit Mach numbers and cooling-sir total
temperstures are- determined from the data obtained in the static-cascade
investigation, experimental friction coefficlents masy be determined. -
The calculstion of friction coefficlent requires that the distribution '
of MPT' be determined for all of the canditions of the heat=transfer : ——
case. These distributions are also used to evaluate the parameters @
and ¢ and the resulting wvalues are used to comstruct the charts regquired
for the solution of the simplified flow equations (9) and (11). In .
addition, the experimentsel data are used to determlne an entrance loss
coefficient for the air-cooled hlsdes under Investigastion.

Method of Obtalning Experimental Blade-Passage
Friction Coefficient .
The experimental blade-passage friction coefficilient is calculated

by use of equations (7) and (8). In either equation, it 1is necessary .
to know the blade entrance and exit Mach numbers. These Mach numbers
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are obtained from the following equation (reference 3)

2
-1 RT"

I = € (1 + L=ub)= T2 (18)
A'gp

The expression YM? (1 + I%l M?) 1s tabulated as the influence coeffi-

cient I, in table I of reference 3; therefore, M can readily be
determined from I. once the right side of equation (18) is camputed
from experimental measurements.

No heat transfer. - Once values of the blade span, the hydrsulic
diemeter, and the entrance and exit Mach numbers were known, experimental
blade-passage friction coefficients for the no-heat-transfer studies
were calculated from equation (7).

Heat transfer. - Friction coefflcients were calculsted from a
numerical integration of equation (8) for the heat-transfer gtudies.
Because of the effect of heat transfer, however, the cooling-air tempera-
tures that were measured in the entrance and exlt plemum chambers were
not the values that would occur at the blade entrance and exlt because
the cooling air picks up heat as it passes through the entrance- and
exit-blade extensions. Therefore, in order to calculate T'in and

T'ex 1t is necessary to determine the smount of heat transferred from

the walls of the entrance- and exlt-blade extensions to the cooling air.
In this way, the temperature rise of the cooling air AT' in the blade
extensions can be computed. The following procedure is used to determine
AT'; for example, the heat transferred from the emtrance-blade extension
wall to the cooling air is given by:

9 = By 15 5 05(T, 5 - T'p o) (29)

where T 3 is an integrated average wall temperature for the entrance-
2

blade extension, T'n,3 18 the average cooling-air temperature in the

entrance-blade extension, and the blade-to-coolant heat-transfer
coefficient H3 (in the notation of this report) is given by equa-

tion (4c) in reference 4 (p. 168) as

5D 3 0.8 . 0.4
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where
"n,3
Reg = 13—-&:-5- (21)
and.
Pry = SBKL:—E (22)

The gas properties are evalusted on the average cooling-air temperature
in the blede extension.

Because

equation (19) and (23) may be combined to give

-
AT = By 3y 5 Pl 5 = T'p )
WCP,S

(24)

The temperature rise of the cooling alr in the entrance-blede extension
is glven by equation (24). In order to calculate AT'z, base the gas

properties on T'l and then substitute the relationship

T'm 5 =3 AT'z + T'; in equation (24). Once AT'z is known, it cen
be added to T'y to obtain T';,. This same procedure was applied to
the exit-blade extension wherein AT', was gubtracted from T', to

cbtain T* ex*

Once the static pressures and cocling-sir total temperatures st the
blede entrance and exit and the cooling-air weight flow through the
blade are known, the Mech numbers at the blade entrance and exit may be
determined as before from the relation given by equation (18). Then,
the method discussed in reference 1 can be used to compute the friction
coefficient £ 1in equation (8). This method consists essentislly in .
assuming a value of £, solving equation (8) mumerically for My, with

a known starting value of Mex and gsdjusting £ wuntil the value obtained

for M;j, agrees with the known observed value. The value of Iy and
I, eare determined from table I of reference 3. A'detailed method for
solving equation (8) is pregented in reference 3.

. .

a1se
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Method of Evaluating Parameters for Simplified Equstions

The simplified one-dimensional flow equations (equations (9) and
(11)) in conjunction with equation (1) may be used to calculste a blade-
entrance static pressure once the exit Mach number, cooling-air tempera-
ture distribution, blade geometry, blade-passege friction coefficient,
and equation parsmeters are known. The use of equations (9) smd (11)
for determining Hzin Involves some successive gpproximations because

this unknown number occurs 1n the equatlion more than omce, but it does
not take long compared to the time required for the mumerical integrstions
of equations (2) and (8). A sample calculation wherein equation (9) is
used to compute a blade-entrance static pressure for a typical hest-
transfer study is presented in sppendix C. The use of equations (9) and
(11) necessitates the evaluation of the paremeters @ sand ¥; the method
of obtaining ® and ¥ 1is therefore discussed in the follawing

sections.

Evelustion of psrameter @ for simplified equation. - The parameter

® may be determined from equation (10) once the distribution of M2

is known. Becguse this distribution may be obtained from a numerical
solution of equation (8), and equation (8) was used to determine friction
coefficients for the heat-transfer study, the parameter P will be
evaluated for the experimental dsta of this investigation.

?
When ¢ is calculated from equation (10), the integral f:—;; may

1
be written in the form gyi\yﬁz% because dTYdy is a constent value

since the cooling-air tempersture distribution curve was assumed to be
linear in this investigation (y is a dimensionless number which is
measured from the blade exit to the blade entrance). Therefore, when
4T

—j\—M-%z— is substituted in eguation (10), the denominator of eque-
T .

ay

1
tion (10) becomesj; M-%;-T because -dT'/dy = T'o, - T'y,. Thus, when
the distribution of M2 and T' 1s known for all of the hest-transfer

studies, ¢ can be calculated from equation (10) for each of the points.

In order to determine the psrameter ¢@ in the case of no-~-heat-
L
transfer studies, the integral _%Y which will gppear Iin the denomina-
0
tor of equation (10) may be evaluated by the direct integration of

equation (8).
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Evaluation of parameter ¥ for simplified equation. ~ The parameter
¥ 1s determined from the experimental date of this Ilnvestigation in the
seme monner that the parameter @ 1s determined. That is, a distribution
of M is obtained from a numerical solution of equation (8) and the
cooling-air temperature distribution is assumed to be linear. Then, vV
18 evaluated from equation (12).

Method of Obtaining Experimental Entrance loss Coefficlent

An experimental entrance loss coefficient for the entrance section
of the 10-tube blade is obtained by plotting equation (17) on logasrithmic
coordinates and determining XK from the plot.

RESULTS AND DISCUSSION

The results of the experimental investigation of blade passage-
friction coefficients for the two air-cooled blsdes are presented in
figures 4, 5, and 6, and are discussed in the following sections of this
Also, figures and discussions of the simplified flow equations
and the effect of entrance losses are presented.

In presenting the resulbts of this Investigation, the parsmeter
chosen to represent the heat-transfer effects is the ratio of the
cambustion-gas temperature to the blade entraence cooling-air temperature
il /'I"in The parameter generally used in thecretical studies (see

appendix D) is the ratio of the wall temperature to the temperature of
the cooling air. In a practical design problem, the gas temperature is
known and the cooling-sir temperatures can be readily determined whereas
the wall tempersature is usually unknown and it is difficult to cslculate.
It will be shown later that a change of 100 percent in the test condi-
tions of this investigation affects the computed blade entrance static

pressure lessg than S5 percent. Therefore, the ratio T'g/T‘in, although
not an ideal parameter, can be used over an extensive practical range.

Experimental Blade-Passage Friction Coefficients

Friction coefficients were obtained for the no-hest-transfer studiles
80 that the resulting values could be compered with values of the friction
coefficient obtained for isothermal flow in round plpes. Reverse heat-
transfer investigstions were conducted in order to extend the data for
determining the effect of heat transfer on friction coefficients.
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No heat transfer. - The values of the friction coefflcient f for
the 10-tube and 13-fin blades, @s determined from experimental date and
equation (7), are plotted against Reynolds number in figure 4. The gas
properties in the Reynolds number sre evalusted by use of the aversge
of the blade entrance and exit cooling-air temperatures; the character-
istic dimension is the mean hydraulic diasmeter, that is, £ times the
total free~-flow area divided by the total wetted perimeter.

) 'Friction coefficients are compared with a curve computed from von
Kerman's equation for turbulent flow in & smooth round pipe. This
equation is (reference 5)

1 = -
W/_f}_}{ = 4.0 log (Re ﬁ) 0.40 (25)

Most gf ’Ehe values of f for the 10-tube blade are slightly above the
von Kerman line, snd & curve drawn through the polnts would lie 5 or

6 percent above the line. A tgble, based on the results of reference 12,
1s presented in reference 3 wherein the values of £ obtained from von
Kérmén's equation mey be corrected for entrance conditions when the
length-to-diemeter ratioc is known. In the present case, the length-to-
hydreulic-diameter ratio for the 10-tube blesde is 38. The table in
reference 3 gives a ratio of f/va = 1.05 for a length-to-diameter

ratio of 40. Therefore, 1f the values of f which were obtalned for
the 10-tube blade had the entrance effects eliminated according to
reference 3, they would be reduced spproximately 5 percent and the agree-
ment between the 10-tube blade values of f and von Kérmen's line would
be improved.

X ’A:Ll of the values of £ <for the 13-fin blaede fall below the von
Kérman line, about 10 percent on the averege. The length-to-dismeter
ratio is 52 for thie blade; therefore, the ratio of f/va is about

1.01 by extrapolation from reference 3. Consequently, the values of £
for the 13-fin blade would lle approximately 11 percent below the von
Kérmen line when entrance effects are considered. This behavior of £
has been observed in reference 8 wherein friction coefficients were
determined for three different rectangular ducts having gaps between the
side walls of 9/16, 1/4, and 1/8 inch. In turbulent flow, at a given
Reynolds number, it was observed that f decreased as the gap between
the walls decreased. For the l/B-inch—gap duct, which has a large aspect
ratio, the experimental values of £ were gpproximately 12 percent below
the line for turbulent flow in smooth round pipes as shown in figure 4.
These results were attributed to the nsrrowness of the rectangulasr ducts.
That is, in turbulent flow, a large part of the pressure drop 1s caused
by eddy formations, and anything which tends to reduce these formations
should also act to reduce friction loss. The results of this investiga-

tion ghow the same trend as the results reported in reference 8.
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Heat transfer. - The values of f for the 10-tube blade with heat
transfer are plotted against Reynolds number in figure 5. ZEach part aof
figure 5 represents a different temperature ratio and therefore a differ-
ent rate of heat transfer. (The temperature ratio T'g/'I"in is used

only to signify a rate of heat trensfer.) All of the values of £ for
heat transfer are cotipared with von Kérmsn's line. Comparison of parts
(a) to (e) of figure 5 shows that when the temperature ratio is 0.57,

most of the values of f sre sbove the von Karmen line. As the tempera-
ture ratio increases graduslly to 3.08, the values of £ move downward
until at a ratio of 3.08, most of them are approximately 24 percent

below the von KarméAn line. Therefare, as the temperature ratio and thus
the hest-transfer incresses, the air-cooled-blade coolant passage friction
coefficient shows a distinct downward trend from the friction coefficlents

obtained for the case.of no heat. transfer.. _ __ __ = . _ _ ) . o

In order to sepurate the tempersture trend fram the Reynolds number
effect, advantage is taken of the fact that over a limited range of
Reynolds numbers, 5000 to 200,000 (reference. 4), f varies inversely

as ReP'Z, Thus, over the range of this investigation, the product

fReC*2 should be constant when there is no heat transfer, and any changes
in this product will be due to the effect of heat transfer. In figure 6,

tRe®*2 1g plotted against temperature ratio and all of the points at a
single temperature ratio are averaged. The result is the line shown in
figure 6, the equation for which is

0 ~-0.189

£Re"% = 0.0483 (T'/T" 1) (26)

When deviations from the line of the individual observed points are used

to calculate the probable error of a single observation, and when this
probable error is plotted above and below this line, the two dashed

lines shown in figure 6 are determined. Thus, if all of the 94 data

points used determine the line were plotted, half of them would be inside

the dotted lines zmd half would be outside. . ..

This seme trend, a decrease of friction coefficient with an increase
of the rate of heatf transfer to the air stream for turbulent flow, is
reported in an investigation on a single round tube (reference 13). ~
Boundary-layer theory, as is shown in appendix D, confirms this behavior.
That i1s, according to the table in appendix D, the friction coefficient
should decrease ss the rate of heat transfer to the cooling air lncreases
for turbulent flow. Therefore, when the wall is hotter than the cooling
air, the value of f calculated from von Karmén's equation (equa-
tion (25)) should be corrected by a temperature factor which in the pre-

-0.189
t
sent case is (T'g/T i) .
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Accuracy of Calculated Blade-Entrance Static Pressures When
Friction Coefficlents Used are Other Than Exaect Values

In the calculation of air-cooled-blade pressure drops, it is
important to know whether or not ordinary pipe correlations can be used
in determining a Priction coefficient. Also, it is desirsble to know
how sensitive the calculated pressuvure is to errors in the value of T
used in the flow equations.

Effect of von Karman friction coefficients on computed pressures. -
The effect on computed pressures of using the von Karmén friction coeffi-
cients was checked by calculating blasde-entrance static pressures for
all of the dsta points obtained for the 10-tube blade st a temperature
ratio of 3.08. Equations (9) and (1) were used to compute pressures;
the friction coefficient was determined with (&) a value of f calculated
from von Karmen's equation (equation (25)) and (b) & value of £ cor-
rected to account for the heat-transfer effect, that is,

= fwK/(T'g/T‘in)-o'lsg. The results of these calculations are presented

in figure 7 where the ordinaste is the percentasge error between calculated
and measured pressures, and the abscissa is the measured static pressure
at the blade entrance. For the first case wherein va is used in

equation (9) (fig. 7(a)), the largest errors that occurred are sbout

6 percent; most of them are much less. For the second case whereln a
corrected value of f is used in equation (9) (see fig. 7(b)), the
largest deviations are about 3 percent. In both cases, some of the
error obtained msy be attributed to errors in the experimental measure-
ments of the static pressures. Thus, for cases where a maximum error of
gbout 6 percent is tolersble for the calculated pressure gt the blsde
entrance, the ordinary von Kérmén value of f can be used in equa-
tion (9). If more precision is desired, fyx should be corrected by a

temperature-correction factor.

Effect of error in friction coefficient on computed pressures. -
As a further step, the effect of error in the friction coefficient on
the computed pressures was investigated. Calculations of blade-entrance
static pressures were made with values of f in equation (9) which
differ from the exact data point value of f by 20 percent. The exact
value of f was obtained from experimental measurements and equation (8);
consequently, calculations showing the effect of variations in f are
not affected by experimental errors. These calcalations, in which *f
was changed by 20 percent, were made for high exit Mach numbers where
the effect of friction coefficient is the greatest. With the largest
heat-transfer rate (T'S/T ipn = 3.08), ‘the resultant change in pressure

was approximately 3 percent. In the case of no hesat transfer, the pre-

sure change was approximately 5 percent. Thus, moderate errors in T
would not be serious in many applications when blade-entrance static

pressures are calculated.
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Evaluation of Perameters for Simplified Equations

In practice, equations (9) and (11) can be used for calculating the
blede-entrance Mach number M;,, when the blade-exit Mach number Mex s

the friction coefficient £, +the blade span, the hydrasulic diameter,
the entrance-and the exit cooling-air temperatures i, end T'ex,

the angular velocity, and the distance from the turbine center line to
the blade entrance are known. Once M;, 1s computed, the blade-entrance

static pressure can be calculated from equation (1). Because the use of
equations (9) and (11) requires a knowledge of the perameters @ and
¥, these parameters must be evaluated.

Experimental evaluation of @ for simplified equation. - For the
range of variables covered in this investigation, values of @ were
calculated for all of the heat-transfer and no-heat-transfer date points
by use of equation (10). The velues of ¢, which varied from sbout
0.89 to 1.14, were plotted against M., in figure 8(a). Each tempera-

ture ratio or heat-transfer rate produced a separate curve. The curves
in figure 8(a) are too far apart for interpolating convenlently; there-
fore, a cross plot was made in figure 8(b) where © was plotted against
temperature ratio for a series of constant velues of Mg,. The experi-

mental date used in evalusting @ were cbtalned in the 10-tube blade,
Therefore, figures 8(a) and (b) can be applied to a blade having a span
approximately the seme as that—of the 1lO-tube blade (3.92 in.) and
having the same hegt input. For a blade having an externsl configuration
similar to the 10-tube blade, the outside heat-transfer coefficient

would be approximately 136 Btu per hour per squasre foot per ©F. The
effect of changes in blade span and heat- transfer rate on @ will be
discussed in a subsequent section.

Experimental evaluation of ¥ for simplified equation. - For the
range of veriables covered in this investigation, values of V¥ were
calculated for all of the hegt-transfer and no-heat-transfer data points
by use of equation (12). Values of V¥, which varied from gbout 0.36 to
0.50, were plotted against M 1in figure 9(a) for four temperature

ratios. For convenience, a cross plot of figure 9(a) is presented in
figure 9(b) where V¥ 1s plotted against T! /'I“in for constant blade-

. exit Mach numbers. The data used in evaluating ¥ were obtained only
on the 10-tube blade.

Influence of blade span and outside hegt-transfer coefficient
on . - The paraemeter ¢, which must be used in the simplified one-
dimensional flow equations, was obtained from experimental results for
the 10-tube blade. It is interesting to know, however, how @ wvaries
with blade span and heat-transfer rate. Therefcore, @ was evaluasted

Al
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enalytically for blades having spans shorter and longer than that of the
10-tube blade, and for blades having an outside heat-trensfer coefficient
half ags large and twice as large as that obtained for the 10-tube-blade
heat-transfer investigations.

The blade span of the 10-tube blade was 3.92 inches. A longer
coolant passage might be expected to increase @ and a shorter passage
to decrease ® because both the Mach nmumber and the temperature would
undergo lesrger changes in a longer passage than in a shorter one. The
magnitudes of these changes were calculated from equation (10) by
extending the Mach number and cooling-air tempersture-distribution curves
an gdditional 2 inches of span, and then reducing the length of the curves
by 2 inches. The results of this calculation are shown in figure 10,
where the correction for @ in percent is plotted against the blade
span. The rate of change of cooling-alr tempersture per unit length was
assumed to be the same in the additionsl span as in the original 10-tube-
blade span. Four temperature ratios are shown in figure 10. For no
heat transfer (T'g/T‘in = 1.00), the corrections in @ are small, not

exceeding 1 percent over the whole range. The variation over the range
of spans Increases with the heat-tresnsfer rate so that when the tempera-
ture ratio is 3.08, the @ correction varies from -9 percent at a 2-inch
span to 17 percent gt a 6-inch span. .

The other condition that was kept nearly constent during the heat-
transfer investigations on the 10-tube blade was the outside heat-
transfer coefficient. The heat-transfer rate was varled by changing the
temperature of the hot gas. In order to find what change would occur in
® if the heat-transfer rate were varied by changing the outside gas
flow, calculations of @ were made for values of H, half as large and

twlce as large as the experimental value of 136 Btu per hour per squere
foot per OF., The results of this calculation are shown in figure 11
where the percentsge correction for @ is plotted egainst H, for three

temperature retios. The magnitudes of these corrections are very similer
to those produced by changes in blsde span, verying from 4 to -1 percent
for a tempereture ratio of 1.75 and from over 20 to -8 percent for a

temperature ratio of 3.08. The largest correction (24 percent) occurred
for a temperature ratio of 3.08 and an Ho = 272 Btu per hour per squsre

foot per ©°F, which is quite high for an outside surface.

Effect of Changes in @ on Blade-Entrance-Pressure Calculstions

Pressure calculations are affected by the values chosen for @ when
equation (9) is used. In order to find how the range of spans and heat-
transfer rates shown in figures 10 and 11 would sffect the pressure cal-
culations, values of ¢ taken from figure 8 for three exit Mach numbers,
1.00, 0.424, and 0.242, were Increased and decreased by 25 percent and
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the corresponding pressure deviations were calculated. For an increase
of 25 percent iIn @, the pressure.changes were approximately 3, 4, and
5 percent, respectively. When @ was decreased 25 percent, the pressure
deviations were 4, 6, and 9 percent, respectively. Thus,over a range of
blade spans from 2 to 6 inches and a range of outside heat-transfer
coefficients from 68 to 272 Btu per hour per square foot per OF, the
simplified equation (egustion (9)) and figure 8 should still give com~
puted pressures within approximately 5 percent of the actual values
unless both extreme differences should combine in the same d.irection,
that is, a 6-inch span and a temperature ratioc of 3.08, in which case
the error might be doubled.

Accurecy of Simplified Flow Eguation When
Applied to a Rotating Turbine

In order to check the accuracy of the simplified flow equation
(equation (11)) as compared to the exact equation (equation (2)), a
limited number of examples were obtained wherein blade-entrance static
pressures were calculated for the 10-tube blade using equations (11) and
(1) and equations (2) and (1). High values of blade-exit Mach number
were used in these calculstions because the largest discrepancies between
the simplified and the exact equations wculd be acpected at high values

Of Mey-

A change of 25 percent in the parameter ¢ did not have a serious
effect on blade-entrance static pressures calculsted for a blade with a
stationery passage. Therefore, a value of @ obtained from figure 8
was used for @, Iin eguation (11). The results of these calculations

show that blade-entrance static pressures calculated from the simplified
equation and equation (1) are within 0.50 percent of the values calcu-
lated from the exact equation and equation (1).

The conclusions reached fram these calculations are: (a) the —
simplified equation (equation (11)) may be used in place of the exact
equation (equation (2)) and thus the tedious numerical integration
involved in the solution of equation (2) will be eliminated and (b) na
apprecliable errors will result if values of @ obtained from figure 8
are used for @, in equation (11).

Entrance Effects
In addition to the pressure drop through the test blade, the pressure

drop in the entrance section of the test blade was also measured. The
curve used for cbtaining the entrance loss coefficient in the entrance
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section of the 10-tube blade is presented in figure 12. This curve was
plotted to determine the magnitude of the losses which occurred in the
entrance section of this alr-cooled blade. According to reference 4,
the maximum value of K which may be expected is 0.50. In this case,
however, a value of K = 0.905 was calculated from the experimental line
which was determined from equation (17). It is stated in reference 14
that a sudden contraction produces losses that can be completely deter-
mined only with the help of experimental date and that the maximum value
of K = 0.50 given in reference 4 is at most only an spproximstion. The
value of K = 0.905 obtained for this particular blade-entrance section
is therefore not unreasonable. Also, it 1s evident from experimental
deta that in many cases the pressure drop through the entrance-blade
extension may be as large as that through the test blade.

The conclusion reached in this investigation of entrance sections
is that such losses may be quite large, comparable with those inside the
blade, and they should be measured in any study of design performance.

RECOMMENDED PROCEDURE FOR CAILCULATION OF ROTATING
ATR-COOLED-BIADE FRESSURE DROP

In many air-cooled aircraft-engine applications, the cooling air
required for the engine would be bled from the engine compressor. The
blade-entrance static pressure Din 18 used 1n determining the compressor

bleed-point. It is desirable to calculate Pip Wwith the least amount

of effort; consequently, it is suggested that the simplified one-
dimensional flow equation (equation (11)) be used in conjunction with
equation (1) to calculate an over-all pressure drop through a rotasting
alr-cooled blaede in order to eliminste the labor required in the numerical
integration of equation (2). In most practical spplicastions of equa-
tion (11), the gas-to-blade and blade-to-coolant heat-transfer coeffi-
cients, the gas temperature, the required cooling-air weilght flow, the
angular velocity of the turbine, and the blade geometry will be deter-
mined from the turbine- and the compressor-design calculstions. The
solution of equation (11) for the determinstion of the blade-entrance
static pressure also requires that the blade-exit static pressure Pexs

the blede-entrance and -exit cooling-sir temperatues Ty, and T,

and the blade-passage friction coefficient f he known. The blade-exit
stetic pressure is generally assumed to be equal to the static pressure
of the combustion gas Jjust downstream of the turbine; this assumption

has not been verified experimentelly. The value of T'4, required for

equation (11) is the same as the velue of T';, wused in determining the
required cooling-air weight flow. In many cases this vaine of T'ins
which 1s used &s a first approximation, is usually equal to the totel
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tempersture of the air at the compressor exit. Once a value of Ty
is extablished, T',, may be determined from equations pregented in

reference 3. It is asgpumed that the friction coefficient is not affected
by rotation as long as the flow through the blade is one-dimensional.
Also, it was shown that a change of 120 percent in f did not have s
serious effect on the blaje-entrsnce pressure. It ,is suggested there-
fore, that a value of £ be determined from von Karman's equation :
(equation (25)) wherein Re 1s based on the average cooling-air tempera—
ture in the blade.

After Dpoy, T'yp, T'ex, and f are determined, the procedure
outlined in sppendix C 1s followed except that for a rotating turbine
the terms due to rotagtion are considered. Values for the pasrameters
®, and ¥ are determined from figures 8(b) and 9(b), respectively. If
the blade under consideration has a span and an outside hest-transfer

coefficient different from those of the 10-tube blade, figures 10 and 11
are used to correct the value of @, obtained from figure 8(b). It is not

necessary to correct ¥ in this menner because over the range of values
observed for v, the factor 1+b/f changes only 3 percent. Thus,

the maximum correction to ¥ similar to that required for ¥, would at
most change 1+b/r; ¥ only by 0.6 percent. :

The value obtained for Pip in conjunction with the pumping char-

acteristics of the turblne rotor is used to determine the compressor
bleed-point. If the air temperature at this bleed-point is significently
different from the velue used for the initial value of T4y, it may be

necessary to calculste a new value of cooling-air weight flow and blede-
entrance static pressure with a new value of T';, based on the compres-

sor bleed-point temperature.

SUMMARY (OF RESULTS

The results of an investigation wherein the pressure and temperature
changes in the cooling air flowing through two air-cooled turbine-blade
configurations were measured experimentally in a static cascade for both
isothermal and nonisothermal flows are summerized ss follows:

1. When no heat transfer occurred, friction coefficlents obtained
for the 10-tube blade agreed with velues calculated from von Karmén's
equation for turbulent flow in smooth round pipes. Friction coefficients
obtained for the 13-fin blade were approximstely 11 percent below the
von Karman values,- but they were in sgreement with friction coefficients
obtained for smell rectangular ducts of large aspect ratios.

LY
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2. When heat trensfer occurred, the friction coefficients decreased
from von Karman's values as the rate of heat transfer increased. This
behavior is observed in turbulent-boundary-lisyer theocry. For a tempera-
ture ratio of 3.08, the friction coefficients for the 10-tube blade were
approximately 24 percent below the von Karmsn values.

3. A friction coefficient determined from von Kérmén's equation may
be used with the simplified equation for calculations of blaede pressure
drops if an error of 6 percent in the computed blade-entrance pressure
can be tolerated. If greater accuracy is desired, von Kermen's value of
f may be corrected for the effect of heat transfer.

4., Simpiified one-dimensional flow equations were developed in
order to elimingte the lgbor involved in the numerical integration of
the exact one-dimensional flow equation.

5. For air-cooled turbine blades other than the 10-tube blade used
in this Investigation, that is, blades having spans from 2 to 6 inches,
outelde heat-transfer coefficients from 68 to 272 Btu per hour per square
foot per OF, and ratio of hot-gas to cooling-gir temperature from 1.00
to 3.08; the slmplified flow equations and the uncorrected values of the
equation parsmeters would still result in computed blade-entrance pres-
sures within gpproximstely 5 percent of the actual values unless both
extreme differences occur together, in which case the error could be
doubled.

6. The gimplified flow-equatlon psrsmeter developed for static-
cascade blades may be used for blades in a rotating turbine.

7. Entrance losses to air-cooled turbine blades may be quite large,
compared wilth the losses inside the blade, and should be measured in any
study of design performance.

Lewis Flight Propulsion Iaborstory
Netiongl Advisory Committee for Aeronsutics
Cleveland, Ohio
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APPENDIX A - SYMBOLS

The symbols Cps M, p, Re, ', w, k, v, 4, and p refer to air
pessing inside blade extensions and blade passage. ’

2Ts2 ¢ |

The properties “Cps k, u, and p are evaluated on the average of

the entrance and exit eir temperatures in the passage under consldera-
tion. : - -

The following syrbols are used in this report:

[

flow area, sq ft or sq in.

o’

length or span, £t or in.

specific heet at constant pressure, Btu/(1b)(°F)

4 times free-flow area
wetted perimeter

°p
D,  hydraulic diameter, , £t or in,

friction due to sudden comtraction, f£t-1b/1b fluid

)

il friction coefficient

f"w nondimensional measure of velocity gradient at the wall
g standard accelerstion of gravity, ft/sec®

H canvection heat-transfer coefficient, Btu/(hr)(sq £t)(°F)

Ia influence coefficlient for term involving rate of area change - -
(equation (86))

I. function of Mach number and ratio of specific heats (equation (18))
Ir influence coefficient for term involving friction (equation (4))
Ir 1influence coefficient for term involving rotation (equation (5))

Ip influence coefficient for term involving rate of temperature change
(equation (3)) _

K entrance loss coefficient (equation (17))
k thermal conductivity, Btu/(sec)(f£t)(°F) -
1 perimeter, £t or in.

M Mach number relstive to blade - —



21S¢

NACA RM ES52DO1 A a7

Pr  Prandtl number, cpp/k

P measured static pressure, l'b/ sq £t &bs. .(when used with subscript
¢ refers to calculated static pressure)

p' megsured total pressure, lb/sq ft abs..

qa heat added to coolant, Btu/sec

R gas constant, £t-1b/(1b)(°R)

Re Reynolds number, z ym

r distance from turbine center line to any polnt on turbine blade,
£t or in.

T static temperature, °R

T  total temperature, °R (when used with subscript g refers to air
or combustion gas passing over blade)

v velocity relative to blade passsge, ft/sec

¥  air weight flow, Ib/sec

b4 distance along surface, ft or in.

¥y nondimensional coordinate, (rin +bb ikl = distan_g;ﬁzoipzfde exit

T ratio of specific heats, 1.4

n viscosity, 1b/(£t)(sec)

p mass density, 1b/cu £t

P parameter (see equation (10))

¥ paremeter (see equation (12))

® angular velocity, .radia.ns/ sec

Subscripts:

B blade

ex Dblsde exit
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cambustion gas

temperature ratio, T'g/T'in = 1.00 (isothermal)

inside of blade

blade entrance . e e e o
mean value . . P
outside of blade

von Karman

wall

distance along surface

entrance plenum chanber. " : ) e . o
exit plenum chamber

entrance-blade extension ' _
exit-~blade extension —
rotating turbine

main stream
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APPENDIX B

DERIVATION OF SIMPLIFIED ONE-DIMENSIONAL FLOW EQUATION

The momentum equation (equation (9) in reference 3) is

a2 Ir apr arp  Ip 20Prygd b b Ip ga
& T & - f[Dh T TR ( ‘“E'Y?ﬂ)]”’f'&'y' (2)
where
M2 (1 + 2) (1 + L= MP)
te = 1 - M2 (2
wt (1 + 2P
TR ®
1+ L2
= —t— (5)
a? (1+ L=uM)
=" _FZ (6)

If the rotational term and the term for varying blade-passage area are
eliminated and equation (2) is divided through by Ip,

i .o Im i Afb
= @M% = =— &7~ « dT* - — dy (B1)
Ie e T* Dn

Substitution of equations (3) and (4) in equetion (Bl) yields

(1-M2) aM® (1 + M%) AT afpdy (B2)
it (1 + L2 w?) v . "
or
(1 -M2) aM® _ 1 AR 1 %J’-f;l;dy . (B3)

ME (1 + %le) M2
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Equation (B3) is integrated with the following limits:
M; fran Mey to Miyy,
T3 fram T'exy to T'yp

Y3 from O to 1.0

For no heat transfer, eguation (B3) reduces to

M 1.0
f B a o w?) ar? _ f 4yfbdy (B4)
o

: =L 2 Dy
M M: (1 + = M )
where integration by partial fraction ylelds
Min 2 2
L-w®)af _ 1 1 +121I11+o.2Min Mg,
M M% (1 + %}-Mz) Mex?  Myn? 1+ 0.2 Mex® Myn®
X
(B5)
and
1.0 . iy .
Jo ng - $ (26)
Therefore, equation (B4) may be integrated to
1 1 Mey? 1+ 0.2 My 2 4 gy
Min® Moy Min® 1 + 0.2 Mey Dy

for the no-hest-transfer case.

For the case of heat transfer, equation (B3) becomes

M M T
Pa-wed | [CERa e (e

M4 (l + Li Mz) B T MZT' t T - 0 Dh
Mex 2 extlex ‘ex

(B7)

2Isz
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By exact integration

b
in e
ff yar _ oo~ in
= 7ln (B8)
T ex T T ex
'inMindT:
The term . by cannot be integrated directly. It has been
t 2
exMex

determined from experimental evidence, however, that the true mean of
> equals the arithmetic mean of 1 within £12 percent. There-

M2 Maq

fore, the parasmeter @ is introduced 1n order to evaluate the integral
dﬂ:l
MZ:

and the true mean of L-IZ_T—'- and 1s defined &s

() (i ex]

The paremeter @, & pure number, is a ratlio of the arithmetic

= - T (10)
T'e - it ﬂe MZT'
Therefore, for the heat-transfer case equation (B7) becomes
2 1+0.2 M4,2 i (T o= T 17)
1 _ lz+121nMex2 inz_'_é:'rfb_l_rlnT'ex 1n( 1)
Min® Mey Min? 1+0.2 Meg Dy in °P MeTt/m

(9)

Equation (9) is & simplified one-dimensional flow equation for an ailr-
cooled turbine blade having a stationary passage and a constant flow
area. For a rotating turbine, the blade coolant flow area is assumed to
be constent apd the values of Iy, Ip, and I may be substituted in

equation ¢2). Thus, because of rotation equation (B3) will contain the
additionsl term

14 —— - —— B9
= v Fim rinydy (B9)

-1
20ry b (1 + 15— M2) b b )
For subsonic flow, MZ < 1.00, the term (1 + %l MZ) does not have a
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large range of values through the blade. Therefore, when this term is
integrated through the blade passage, & mean constant value can be used

for (l + I;—J‘Mz) without-much error. This mean value is

<l + %J;M2>m = 12“- [(1 + %];th) + (1 + L;}-Mexz)} (B10)
Integration of equation (B9) ylelds
1.0 ( b b )
L+ o - oo y)dy
2frigh (1 + =L M2> f ~n _Tin (B11)
&R 2 n Jo METe

Integration of the integral (B1ll) gives

2 \*° e v © a4y __flof
<l+r1n>o wer  Tin Jo  MEme M & (m2)

3
The integral f %TZET in equation (10) may be written in the form

1
dT M—ZT-—- because the cooling-alr temperature distribution curve is

1
assumed to be linesr in this investigatlion. When %g—— I'.I_g-yi:‘— is sub-

stituted in equation (10), the denaminator becomes J(; 1.0 Mﬂ—zT' because
-aTt /8y = T'gy - T'yp. Thus, equation (10) becomes

1
ME'I“ m

@ = .
I

If equetion (B13) is substituted into (Bl2) wherein ® becomes @, for
a rotating turbine, the result is

| fl.ofy dy ay
i( 1\ |,, »Jo Jo M
P \M?T /m *in fl'o dy
0

M2mt

(B13)

(B14)

2512
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or

1 1 b
L@

if the parameter ¥ in equation (B15) is defined as
1.0 ny dy
j\ f MaT* Iy
0 0
1.0
o
o M

Then, for the case af a rotating turblne the simplified one-dimensional
flow equation may be written

v = (12)

Mey? 1 + 0.2 My 2 . 4rfb T ox

1 1
+ v1n -
in

+

+ 1.2 1n
Min?  Mey® Mip2 1+ 0.2 M., 2 Dn

T'éx-’-‘-"m( 1) 2w2r b ( r-1 ) 1 ( 1 ( b
-— {1 M2) =—|——] (1 + — 11
o M2T1/ ; &R T2 n P MZT')m * Tin 1}’) (1)
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APPENDIX C
SAMPLE CATCULATION COF BLADE-ENTRANCE STATIC PRESSURE FOR 10-TUBE

BLATE WITH SIMPLIFIED EQUATION (T'g/T'in > 1.00)

The blade-entrance static pressure for a typical heat-transfer case
will be calculated using equations (9) and (1). The dasta required for
this numerical exsmple are as follows:

Ap 0.00126, sq £t
bp 0.327, £t
Dh,B 0.008615, ft
his 0.00565

Pex 1145, 1b/sq £t ebs

R 53.3, (£t-1b)/(1b)(°F)
T 1465°, R

T'in 459°, R

T'ey 6599, R

w 0.03932, 1b/sec

T 1.4

by 132,3X10~7, 1b/(sec)(ft)

The camputations are as follows:

Calculate Mgy from equation (18) and table I of reference 3.
Mgy = 0.7236

Now, 1t 1s desired to calculate My, &and p;,, from the simplified equa-
tion (9) and equation (1).
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1 1 | Mgx® 140.2 My 4oy Trex (T'eyx-T'3)f 1)
2 = 2 +1.2 In > 2'1' +*rln s + P 2

Min® Mey Min® 1+0.2 Mex® Dh in @ MeTY/ m

(9)

The following quantities required in equation (9) are calculeted
from known experimental or calculated values.

1
L _ - 1.910
Z
én% = 1.199
e
Tin - = 0.506
in

(Ttex - T'yn) = 200

Mey? 1+0.2 My,2
Min2 1+0.2 Mey®

It is now necessary to assume values for 1.2 1n

1
and (Tt - T'y,) (ﬁzl?l)m so that a starting value for YR can be
determined. It is suggested that a value of 1.00 be assumed for
Max? 140.2 Mipn2
S for a starting value. The followling values are
MinZ 140.2 Mex N
ested for (T'_., - Bt ) { ——— .
sugg (T ex in (MZT,)E

1.2 In

Ie
(T'ey - T'y,) <150  assume 1.00
150 < (T'ey - T'y,) <200  assume 2.00

210 = (T, <250 assume 3.00

3

260 £ (T'ex - T'yn) <300 assume 5.00

(T oy > 300 assume 10.00

I
&
3

By use of the known and the suggested values for the various terms
in equation (8), & starting value for can be obtained. '

M-_;_nz
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L - 1.910 + 1.000 + 1.199 + 0.506 + 2.000  (see equation (9))
Min'
L = 6.615
Min
from which

Min = 0.3889

Now, with Mip = 0.3889 and Mex = 0.7236

21 4+ 0.2 My,2
lnMex in-

1.2
Min? 1 + 0.2 Mex?®

and by using the arithmetic mean of (L_)
. T“

1 1
+
1 (Minz T'in Mexz T'ex)
(T'ex = T'1n) M2T m (T ey = T'4p) 2 = L.73

The true value of (T' _-T' ) 2 can be obtained by determining @
ex ~ in’ \ p2pr

from figure 8(b) as 1.119. Thus, the true value is

Substitution of these new values in equation (9) gives

L= 1.910 + 1.405 + 1.199 + 0.506 + 1.547
Min
L _ = 6.567
Min?
This results in an error of 0.048 between the starting value and.
final velue of —tw. If .—=_ = 6.567 is used as the new starting
Minz Min2
value and the same procedure ls follawed,
1
E—_E = 6.550
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There is an error of 0.017 between starting and finsl values of BEZ-
Now, ;I—]-'—z = 6.550 1s used as a starting value and the resulting final
value :JL.Jsl

—— = 6.543

Min'
wlth an error of 0.007 between the sterting and final values of bﬁ'
Because this error is Insignificant, M—l—z- = 6.543 wlill be used. There-
fore, o

My, = 0.33808

The blade~entrance
tion (1)

P:f.n,c =

Pex K M\ [Ty

static pressure is then calculated from equa-

2
Mex

Minz

AaxMex T'4n 1+

Nﬂi L

(1145) O. 00126 0 7236 5 l+0.2(0.'7236)2
0. 00126 0 3908 9 l+0.2(0.3908)2

1832 1b/sq £t abs

The observed value of p;, 1s 1835 1b/sq £+ abs
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THEORETICAIL EFFECT OF HEAT TRANSFER ON FRICTION COEFFICIENT

NACA RM ESZDOL

It is shown in reference 15 that in the case of a lamlnar boundary

layer the friction coefficient is

Zf"w Tcp

fmo—_ 2
VRex,w v

(p1)

where f"w is e nondimensional measure of the velocity gradient at the
wall, T, 18 the stream temperature, and Ty 1s the wall temperature.

In reference 14, the Reynolds number of equetion (D1) ie defined as

. s
Cx,w = .
whereas 1n the present investigation
R _ Vcopmx

‘Thue, for this investigation equation (Dl) becomes
_ By Tp [Petv

vRex,m Ty | Py oo
When the followlng equalities are used:

umc- T@ 0.7
HE

W.

hig

Equation (D4) becomes

(p2)

(p3)

(D4)

(Ds)

(D6)

2152
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0.15 .
2f" T

,,/Rex,m Tw
If the temperature ratio is 1.00, equation (D7) becomes

22" o
fp = —= (D8)

«/Rex o

2

so that
" 0.15
T £ W T°°
T Eo\T (D9)
I w, I \'W

If the boundary layer becomes turbulent, then f will vary as
Re~0:2 instead of Re"©'S and thus for the turbulent case equation (D9)

becomes
pn P 0.66
kg W < os)
=— == |7 (D10)
fr e\

Velues of f"w’ given in table II of reference 15 for an Euler
number of 1.00, sppear in the filrst two columns of the following table.
The values appearing in the remaining columns are calculated according
to the indicated headings. .

1 2 3 4 5 6
T T _\0.15 | /T _\0.66

o o o T iy
= | £" <—> <—-> = (leminar) | = {turbulent)
v \T T T £

Equation (D9)| Equation (D10)

2 | 0,900 | 1.110 1.580 0.810 1.161

1} 1.233 | 1 1 1 1

1/2| 1.800 .901 .633 1.315 .924

1/4| 2.784 .812 401 1.833 .905
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The values of f£"_ ehown in column 2 are for the laminar case, not
the turbulent one. The relative values of £", are not known exactly

for the turbulent boundary layer, but it is known that the effects of—
changing the pressure gradient and the wall temperature are proportion-
ately less for a turbulent boundary layer then for a lsminar one. For -
example, the effect of a varisble wall temperature on the heat-transfer
coefficient (analogous to f",; according to Reynolds) has been calculated

for a laminaer houndary leyer in reference 16, and for s turbulent boundery
layer in reference 17. For the same wall-temperature variation, the
ratio H/HI is consistently smaller for the turbulent layer. Therefore,

the relative increase of f£", should be smaller and the relative decrease
of f/fI in column 6 should be larger than that shown. 1In conclusion

then, the trend shown in column 6 should be correct but the magnitude is
probably too small.

REFERENCES

l. Ellerbrock, Hermsn H., Jr.: Preliminsry Analysis of Problem of Deter-
mining Experimental Performance of Alr-Cocled Turbine. II - Methods
for Determining Cooling Air-Flow Characteristics NACA RM E50408,
1950. . T -

2. Shapiro, Ascher H., end Hawthorne, W. R.: The Mechanics and Thermo-
dynamics of Steady One-Dimensionsl Gas Flow. Jour. Appl. Mech.,
vol. 14, no. 4, Dec. 1947, pp. A317-A336,

3. Brown, W. Byron, and Rossbach, Richerd J.: Numerical Solution of
Equations for One—Dimensional Gas Flow- in Rotating Coolant Passages.
NACA RM E50EQO4, 1950.

4. McAdems, Williem H.: Heat Transmission. McGraw-Hill Boak Co., Inc.,
2d ed., 1942.

5. von Karmén, Th.: Turbulence and Skin Friction. Jour. Aero. Sci.,
vol. 1, no. 1, Jsn. 1934, pp. 1-20.

6. Lowdermilk, Warren H., and Grele, Milton D.: Heat Transfer from High-
Temperature Surfaces to Flulds. II - Correlastion of Heat-Transfer
and Friction Data for Alr Flowing in Inconel Tube witk Rounded
Entrance. NACA RM E8LO3, 1949.

7. Gallagher, James J., and Habel, Louls W. Experimental Data Concerning
the Effect of Eigh Heat- Input Rates on the Pressure Drop Through
Radiator Tubes. NACA RM 18F18, 1948.

2182

l



6S

21se

NACA RM ES2DOL P a1

8. Washington, Lewrence, and Msrks, Williem M.: Heat Transfer and
Pressure Drop in Rectangular Air Passages. Ind., and Fng. Chem.,
vol, 29, no. 3, March 1937, pp. 337-345.

9. Ellerbrock, Herman H., Jr., and Stepka, Francis S.: Experimental
Investigation of Air-Cooled Turbine Blades in TurboJjet Engine.
I - Rotor Blades with 10 Tubes in Cooling-Alr Passages. NACA
RM ES50I04, 1S50.

10. Stepks, Francis S., and Hickel, Robert 0.: Experimental Investiga-
tion of Air-Cooled Turbine Blades in Turbojet Engine. IX -
Evaluation of the Durebility of Noncritical Rotor Blades in
Engine Operation. NACA RM E51J10, 1951.

~11. Esgar, Jack B., and Clure, John L.: Experimental Investigation of

Air-Cooled Turbine Blades in Turbojet Engine. X - Endurance
Evaluation of Several Tube-Fllled Rotor Blades. NACA RM E52Bl3,
1952.

i2. Shepiro, Ascher H., and Smith, R. Douglas: Friction Coefficients
in the Inlet Length of Smooth Round Tubes. NACA TN 1785, 1948.

13. Humble, Lerdy V., Lowdermilk, Warren H., and Desmon, Leland G.:
Measurements of Average Hegt-Transfer and Friction Coefficients
for Subsonic Flow of Air in Smooth Tubes at High Surface and
Fluid Temperatures. NACA Rep. 1020, 1951. (Supersedes NACA RM's
E7L31, EBL03, ES50E23, and ESOH23.)

14. Dodge, Russell A., and Thompson, Milton J.: Fluid Mechanies.
MeGraw-Hill Book Co., Inc., 1lst ed., 1937,

15. Brown, W. Byron, and Donoughe, Patrick L.: .Tebles of Exact Boundary-
Layer-Solutions When the Wall is Porous snd Fluid Properties are
Variable, NACA TN 2479, 1951. '

16. Levy, S.: Heat Transfer to Constant Property Laminar Boundary Layer
Flows with Power Function Free. Stream Velocity and Wall Tempera~-
ture Variation. Rep. 5, Ser. 41, Inst. Eng. Res., Univ. California
(Berkeley), July 25, 1951. (AMC Contract No. 33(038)-12941.)

17. Rubesin, Morris W.: The Effect of an Arbitrary Surface-Temperature
Variation Along a Flat Plate on the Convective Heat Transfer in
an Incompressible Turbulent Boundary Layer. NACA TN 2345, 1851.



42 4 NACA RM E52DOL
TABLE I - SUMMARY OF OFPERATING CONDITIONS <;:E§§g:7’
Blade |Number | Type of investigation|Approximate|Approximate|Cooling-sair
of gas temper- |cooling-sir|weight flow
runs ature " |temperature|{per blede
(°F) (°r) (1b/sec)
10-Tube| 25 | No heat transfer 100° 100 0.006-0.051
8 Heat transfer 300 -30 .011~ .057
o] Reverse heat transfer 100 500 012~ 037
3] Reverse heat transfer 100 300 .0l4- ,048
10 No heat transfer 100 100 ,012- ,051
8 Heat transfer 1000 -30 .018- 049
10 No heéat transfer 100 100 .010- ,053
8 Heat transfer 1000 =30 .0X6~ ,052
10 Heat transfer 600 -30Q .017- .053
13 Fin 24 No heat transfer 85 85 0.008-0.063

oTqR
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Figure 1. - Sectional view of blade test section showing inmstrumentation. (All &lmensions in inches.)
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Figure 2.

- Cascade geometry.

NACA RM ES2D01
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10-tube blade
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C-28728

Figure 3. - Cross-sectional view of air-cooled turbine-blade configurations use
investigation.
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Friction coefficient, f

4 47
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\
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. 004 i
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(b) T'g/T'y, = 0.73.

Figure 5. - Effect of heat transfer on friction coefficient for

1O0-tube blade.
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Friction coefficient, £

— VO Ka'.rm?l's equation
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(e) Ttg/T'yy = 3.08.

Figure 5. - Concluded. Effect of heat transfer on fric-

tion coefficient for lO-tube bldde.
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Figure 6. - Effect of temperature ratio on fric-
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per OF.
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Error between calculated and measured static

pressures, percent
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(a) Priction coefficients determined from von Rerman's equation.
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Figure 7. - Variation between calculated and measured blede-entrance static

Measured static pressure at blade entrance, in. Hg abs.

(b) Friction coefficients determined from von KArmhn's equation and

corrected for effect of heat transfer.

pressures for 10-tube blade when theoretical friction coefflcients are
used in simplified flow equation. (-r'g/'J:”an = 3.08.)
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Parameter, @
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Figure 10. - Effect of blade span on parameter ¢ for constant
outside heat-transfer coefficient Ho of 136 Btu per hour per
square foot per °F. .

556



56

Correction for @, percent

2A
20 ////
16
12 /
Temperature///
" ratio
T'gﬁrlin
8 3.08 f
4 o /”,f'
/ / e
e
1.75
-"
-4 2'3;Ai;:::j'///
4 %

-5H, Ho 1.5H, 2Ho
Outside heat-transfer coefficlient, Hy
Btu/(nr) (sq £t) (°F)

Figure 11. - Effect of outside heat-transfer coef-

ficlent on perameter @ for conatant blade span
by of 3.92 inches. Outside heat-transfer coef=

ficlent, H,, 136 Btu per hour per square foob
per ©F.
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Figure 12. - Curve used for cbtaining entrance loss
coefficient K in entrance section of 10-tube
blade.
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